The aim of this study is to investigate the delivery accuracy of intensity-modulated radiation therapy (IMRT) plans in the two-headed mode of the ViewRay TM system in comparison with that of the normal operation treatment plan of the machine. For this study, a total of eight IMRT plans and corresponding verification plans were generated (four head and neck, two liver, and two prostate IMRT plans). The delivered dose distributions were measured using ArcCHECK TM with the insertion of an ionization chamber. We measured the delivered dose distributions in three-headed mode (normal operation of the machine), two-headed mode with head 1 disabled, two-headed mode with head 2 disabled, and two-headed mode with head 3 disabled. Therefore, a total of four measurements were performed for each IMRT plan. The global gamma passing rates (3%/3 mm) in three-headed mode, head 1 disabled, head 2 disabled, and head 3 disabled were 99.9±0.1%, 99.8±0.3%, 99.6±0.7%, and 99.7±0.4%, respectively. The difference in the gamma passing rates of the three-and two-headed modes was insignificant. With 2%/2 mm, the rates were 96.6±3.6%, 97.2±3.5%, 95.7±6.2%, and 95.5±4.3%, respectively. Between three-headed mode and head 3 disabled, a statistically significant difference was observed with a p-value of 0.02; however, the difference was minimal (1.1%). The chamber readings showed differences of approximately 1% between three-and two-headed modes, which were minimal. Therefore, the treatment plan delivery in the two-headed mode of the ViewRay TM system seems accurate and robust.
Introduction
Magnetic resonance imaging (MRI) is advantageous for radiation therapy because of its superior soft tissue contrast capability. [1] [2] [3] Therefore, if required in the clinic, MR images were acquired and registered to the CT images for accurate definition of the target volumes as well as organs at risk (OARs). 4, 5) Recently, a magnetic resonance image-guided radiation therapy (MR-IGRT) system, the ViewRay TM system (ViewRay Inc., Cleveland, OH, USA), was introduced in the field of radiotherapy. [6] [7] [8] [9] [10] The ViewRay TM system facilitated the delineation of target volumes, patient setup, adaptive radiation therapy (ART), and respiratory gating based on MRI. 6 
) The
ViewRay TM system can acquire volumetric MR images within a few minutes for treatment planning and daily patient positioning. 6, 7) The volumetric MR image can be acquired with a 0.35 T static magnetic field, which is generated by a superconducting magnet. 6) The ViewRay TM system can also acquire a single sagittal planar cine MR image at 4 frames/s or three sagittal planar cine images at 2 frames/s during treatment for the respiratory gating. 10) The rapid MR image acquisition, no extra imaging dose requirement, and rapid optimization, as well as the dose calculation ability of the ViewRay TM system enabled ART with ease in the clinic. 6) The respiratory gating of the ViewRay TM system based on patient anatomy, rather than on a surrogate placed on the patient's skin, enabled more accurate delivery of the prescription dose to the target volume than did the conventional respiratory gating techniques.
To be compatible with the MR imaging system, the ViewRay TM system adopted a Co-60 radioisotope, rather than a linac, as the treatment beam delivery modality. 7) To increase the dose rate, the ViewRay TM system uses a total of three Co-60 sources, which were located 120 o apart in the ring-type gantry. 7) The maximum capacity of the Co-60 sources for the ViewRay TM system is approximately 15,000 Ci. The inner diameter of the ring-type gantry is 70 cm and the source-to-axis distance (SAD) is 105 cm. Each source has its own multi-leaf collimator (MLC) system. The leaf width of each MLC system is 1.05 cm at the isoplane, i.e. 1 cm at a source-to-surface distance (SSD) of 100 cm. To reduce the large penumbra of the Co-60 source, the design of the MLC system is double-focused. 7) As there are a total of three independent treatment heads with their own Co-60 sources and MLC systems, if one head is out of order, the other heads can deliver the prescription dose to the target volume and finish the treatment, which is called two-headed mode. In practice, therapists do not have to stop patient treatment owing to the malfunction of a single head. This is a unique and practical function of the ViewRay TM system, which prevents interruption of patient treatment in case one head has a problem, resulting in reduction of machine down time. This is quite a convenient and practical function; however, there is a concern about the accurate delivery of a treatment plan to a patient using two-headed mode, since the heads are not identical in reality. Therefore, in this study, we verified the delivery accuracy of two-headed mode in comparison with three-headed mode, i.e. normal operation of the machine.
Materials and Methods

Generation of treatment plans and corresponding verification plans
We generated a total of eight step-and-shoot IMRT plans in the treatment planning system (TPS) of the ViewRay TM system and the MRIdian TM system (ViewRay Inc., Cleveland, OH, USA). Of the eight treatment plans, four IMRT plans were for the treatment of head and neck cancer, two for the treatment of liver cancer, and two for the treatment of prostate cancer. A total of five beam groups (a total of 12∼15 fields) were used for the generation of the IMRT plans. The gantry angles of each field were modified patient-specifically, considering the patients' anatomy, to reduce doses to OARs. The fields passing through the corners of the patient couch were not used to eliminate the dosimetric uncertainty due to daily variations of the patient setup, because the attenuation of the treatment beam by the patient couch is considerable. 7, 8) Owing to the fact that the bore size is only 70 cm, the isocenter locations, relative to the patient body, were not moved laterally for the clearance of the patient setup. The value of the IMRT efficiency (degree of smoothing of the fluence map intensity pattern) was set to 0.5. 8, 10) The value of the level (the maximum value of the deliverable beam-on segments per field) was set to 20. 8, 10) The grid size of the dose calculation was 3 mm. The dose calculation algorithm was the Monte Carlo algorithm developed by the manufacturer (ViewRay Inc., Cleveland, OH, USA). After treatment planning, a verification plan for each treatment plan was generated with the CT image set of the ArcCHECK TM (Sun Nuclear Corporation, Melbourne, FL, USA) in the MRIdian TM system. The reference dose distributions were calculated in the MRIdian TM system.
Analysis of delivery accuracy
The delivered dose distributions of the verifications plans were measured using the MR-compatible ArcCHECK TM with the insertion of an ionization chamber. For each IMRT plan, we measured dose distributions in three-headed mode, i.e. normal operation of the machine with full use of all three heads.
After that, we measured dose distributions three times in two-headed mode with head 1 disabled, head 2 disabled, and head 3 disabled. Therefore, we acquired a total of four measured dose distributions for each IMRT plan.
The gamma-index method was applied for the analysis of the delivery accuracy of the ViewRay TM system with the measured and calculated dose distributions. 11) We performed the global gamma-index method with a 3%/3 mm gamma criterion as well as a 2%/2 mm gamma criterion. The points with doses less than 10% of the prescription dose were ignored as often cited in the literature. 12, 13) The statistical significance of the differ- ence in the gamma passing rates was investigated with paired a t-test between the three-headed mode and two-headed mode.
When measuring dose distributions with the ArcCHECK TM , we inserted an ionization chamber and measured the collected charges. Instead of measuring doses with the ionization chamber, we simply measured temperature-and pressure-corrected charges and compared those of the three-and two-headed modes. The percentage differences (%) of the charges in the two-headed mode compared to that of the three-headed mode were calculated as follows.
Percent difference=
(2 headed mode charge-3 headed mode charge) ×100 (1) 3 headed mode charge Results 1. Difference in the gamma passing rates between three-and two-headed mode
The average values of the gamma passing rates with gamma criteria of 2%/2 mm and 3%/3 mm for the three-headed mode as well as two-headed modes are shown in Table 1 . In the case of gamma passing rates with 2%/2 mm, two-headed mode with head 1 disabled showed the highest gamma passing rate (97.2%); however, the difference was minimal, being less than approximately 1%. With the gamma criterion of 3%/3 mm, the gamma passing rate of three-headed mode was the highest (99.9%); however, the difference was again minimal, at less than 0.4%. No statistically significant difference was observed in the gamma passing rates between three-headed mode and two-headed mode, except in the gamma passing rates with 2%/2 mm of the two-headed mode with head 3 disabled (96.6% vs. 95.5% with p=0.020). However, the difference in the gamma passing rates between three-headed mode and the head 3 disabled was only 1.1%. This difference did not indicate any clinical significance. 13) The representative distributions of the failed points by gamma evaluation with 2%/2 mm using ArcCHECK TM of three-headed mode as well as two-headed modes are shown in Fig. 1 . Those with 3%/3 mm are also shown in Fig. 2 . As shown in Figs. 1 and 2 , no noticeable difference between three-headed mode and two-headed mode was observed.
Difference in the measured values with an ionization chamber
The average, maximum, and minimum values of the percentage difference in the measured charges with a chamber are shown in Table 2 . As shown in Table 2 , the average difference in charges between three-headed mode and two-headed mode was approximately 1%. The maximum difference observed was 3.8%, when head 1 was disabled. In this case, there was a considerable dose gradient in the vicinity of the chamber location, which rendered the measured values vulnerable to setup errors. Therefore, this relatively large difference seemed to be induced by the setup error of the ArcCHECK TM , rather than by the two-headed mode beam delivery. The measured charges showed no noticeable difference between threeheaded mode and two-headed mode, similar to the results of the gamma evaluation.
Discussion
In this study, the delivery accuracy of the two-headed mode of the ViewRay TM system was verified with a total of eight IMRT plans. As shown in the results, gamma passing rates were lowest when head 3 was disabled, while the deviation in the chamber measurements from those of normal operation were the highest when head 1 was disabled. Although these were inconsistent results, the differences in both gamma passing rates and chamber measurements between three-and two-headed modes were minimal. Despite the tight gamma criterion of 2%/2 mm, there was no considerable difference in the gamma passing rates between three-headed mode and two-headed modes, which showed approximately 1% difference.
The results of the ionization chamber also showed an accurate delivery of the treatment plan in two-headed mode. The average difference of the chamber readings between three-headed mode and two-headed mode was approximately 1%. Therefore, the treatment plan delivery in two-headed mode of the ViewRay TM system was accurate and clinically acceptable.
In order to make the two-headed mode delivery accurate, the characteristics of the beam delivery system of each head should be identical as far as possible. In other words, the characteristics of the beam delivery system of each head, such as the beam output of each Co-60 source, geometry of each Co-60 source, shapes of the beam profiles, output factors of each head, and characteristics of the MLC system, should be identical among the heads. We verified that the difference in the reference outputs of the Co-60 sources was less than 0.5%, following the protocol of American Association of Physicists in Medicine (AAPM) Task Group 51 (TG-51). Moreover, during commissioning we tuned the delivery system of each head to be identical to one another as far as possible. Therefore, the beam deliveries in two-headed mode were similar to those in three-headed mode in this study. Since the mechanical performance of the machine would change as machine use increases, periodic checks should be performed to ensure an ac-curate beam delivery in two-headed mode.
Conclusion
We verified the IMRT plan delivery accuracy in the twoheaded mode of the ViewRay TM system by gamma evaluation with gamma criteria of 2%/2 mm and 3%/3 mm. The results showed highly accurate beam delivery performance of twoheaded mode in comparison with three-headed mode. To guarantee and maintain the delivery accuracy in two-headed mode, periodic quality assurance and verification should be performed.
